Longitudinal growth of the uterine horn and distances between implantation sites and the extremities of the horn were measured in 30 albino Wistar rats at Days 7, 10, 13, 16 or 22 of gestation. Growth of the uterus was most rapid over Days 13\p=n-\16but continued over Days 16\p=n-\22.Distances between implantation sites and between the extremities of the uterine horn and neighbouring implantation sites were relatively even in that the coefficients of variation of these distances were 28, 32, 19, 35 and 35% at Days 7, 10, 13, 16 and 22, respectively. This indicates that an active mechanism promotes even spacing since the expected coefficients of variation given completely random spacing of conceptuses was calculated to be about 100%. Local crowding of fetuses in the uterine horn did not appear to affect fetal or placental growth except at Day 22 when there was a weak but significant correlation (r = 0\m=.\3) between fetal weight and the harmonic mean distance to neighbouring implantations.
Introduction
Conceptuses in many polytocous species appear to be evenly spaced along the uterine horn rather than aggregated. Although this phenomenon has been described for the rat (Frazer, 1955) , guineapig (Ibsen, 1928) , mouse (McLaren & Michie, 1959) and rabbit (Boving, 1956) , quantitative data on the 'evenness' of spacing are available only for the rabbit. Furthermore, there are no quanti¬ tative reports on whether the evenness of spacing changes with advancing gestation and growth of the uterine horn.
It is possible that uneven spacing of conceptuses leads to local crowding and retardation of placental and fetal growth. Ibsen (1928) , in a major study on the control of fetal growth in the guinea-pig, claimed that fetal and placental weights near term were closely correlated to distances from neighbouring conceptuses but there was some ambiguity in the analysis used and no other data on this effect have been reported.
We used rats in the present work to determine (1) the variability of spacing at different gestational ages and (2) the relationship of spacing to fetal and placental weights. In addition the data were analysed to determine whether fetal position in the horn, which is known to affect fetal and placental weights in the rat (Barr et al, 1970) , can be explained by local crowding effects.
Materials and Methods
Materials. Nulliparous albino Wistar rats, 3-5 months old and weighing 232 ± 4-9 g (mean + s.e.m.) at mating, were used. The rats were obtained from the Animal Resources Centre, »Reprint requests to Dr . W. Bruce.
•(•Permanent address: Box 13602, Zoology Dept. Faculty of Science, Al-Fateh University, Tripoli, Libya. Murdoch, Western Australia, and before use in this experiment were acclimatized in an environ¬ mentally controlled room, (temperature, 17-23°C; relative humidity, 50-70%; lights on 07:00-21:00 h). Food and water were freely available. The females were mated during darkness and the morning on which spermatozoa were found in a vaginal smear was called Day 1 of gestation. Rats were killed with an overdose of pentobarbitone sodium on the morning of Day 7, 10, 13, 16 or 22 of gestation. In addition, rats in oestrus or dioestrus were killed and the lengths and weights of their uterine horns measured for comparison.
The entire uterus of each rat, together with attached oviducts, ovaries, cervix and vagina, was removed. Each uterine horn was dissected free from its mesometrium and from its attachment to the vaginal wall and contralateral horn. The number and position of each implantation site was recorded and, for rats at Days 13, 16 and 22 of gestation, an incision was made along the antimesometrial border for the full length of the horn taking care not to rupture the conceptus sacs. The conceptuses (fetuses, fetal membranes and placentas) were peeled away from the endometrium by undercutting their attachment to the underlying uterus with the smooth side of curved iris forceps. They were covered with plastic film to prevent dehydration and after the uterine horn had been examined, the fetal membranes and umbilical cord were removed, the fetus and placenta uniformly wiped on a plastic surface to remove excess fluids and weighed to the nearest mg (see Norman & Bruce, 1979 , for details). The empty uterine horn was transferred to a water bath, its ovarian end was pinned to a cork board and the cervical end was attached to a thread which ran freely over a pulley to a 5 g weight (see Fig. 1 ). This caused the uterus to stretch slightly but evenly since the water bath elevated the horn above the cork board so preventing frictional resistance. After 1 min to allow the uterus to respond to the stretch, the cervical end was also pinned to the cork board. The distances between the centres of neighbouring implantations and from the extremities of the uterine horn and the nearest implantaton were measured to the nearest mm. All implantations were considered, irrespective of whether they were associated with a live or resorbed fetus.
To validate the technique, distances between implantations were measured on 4 uterine horns as described above. The horns were then released from the 5 g tensioning weight, allowed to relax in the water bath for 15 min, restretched in the bath and the distances between implications measured by an independent observer. There was no significant difference between the two sets of measure¬ ments, the correlation coefficients between the two sets as carried out on each of the 4 uterine horns were r = 0-94, 0-85, 0-80 and 0-92. Analysis of results. Group means of number of implantations and live fetuses per uterine horn, length of uterine horn and mean fetal and placental weights were derived from a single average value for each rat and therefore = number of rats examined in each group. For the analyses of distances between implantations and relation of distances to fetal and placental weights, each uterine horn was treated independently and so = 2 number of rats examined. Three expressions were used to describe spacing and local crowding within the uterine horn.
(1) Absolute distance. This referred to the distance between neighbouring implantations (b, c, d and e of Fig. 1 ) and between the uterine extremities and the nearest implantation (a and 0· The coefficient of variation of absolute distance within each horn (CVd%) provided an index of variability of spacing.
(2) Mean distance. For each implantation, this was the average of the distances to neighbouring implantations or uterine extremity (e.g. for Implantation 2 the mean distance = (b + c)/2). This value provided an index of local crowding within the uterine horn.
(3) Harmonic mean distance. For each implantation, this was the harmonic mean of the dis¬ tances to neighbouring implantations or uterine extremity (e.g. for Implantation 2 the harmonic mean distance = 2/(1/b + 1/c)). This value provided an alternative index of local crowding which weighted the distance to the nearest neighbour more heavily.
To determine the average variation of distances between implantations and the extremities of the uterine horn appropriate for any one stage of gestation, each horn was analysed separately, the results subjected to one-way analysis of variance and the average CVd% calculated as the square root of the error mean square divided by the grand mean of the distances.
To determine the relationship of fetal and placental weights to mean distance or harmonic mean distance, a linear correlation analysis was carried out for the appropriate data within each uterine horn. An analysis of covariance was then performed on all horns for any one stage of gestation and the resultant common correlation coefficient was used to express the average relationship for that stage.
A computer program (written in BASICA, Microsoft, IBM version) was used to develop an expected value for CVd% given random spacing of implantations in the uterine horn. The model was constructed so that the number of implantations equalled the nearest whole number of implan¬ tations observed for each stage of gestation and the length of the hypothetical uterine horn equalled the average observed value. A random number generator was used to allocate a position for each implantation within the nominated length of uterine horn. The resultant variation in distances between implantations and the extremities of the horn was calculated, the procedure repeated for 20 uterine horns and an average hypothetical CVd% was determined for each stage of gestation as for the determination of average observed values.
Results

Number of implantations, fetal and placental growth and length of uterine horn
The average length of the uterine horn in non-pregnant rats was similar at dioestrus and oestrus, 62-8 + 1-2 mm (mean + s.e.m.), = 6, and 60-1 ± 1-1 mm, = 5, respectively, although weight of the horn plus contents increased from 190-9 ± 8-9 to 326-4 + 9-5 mg over the same period. There was a 31% increase in length over the first 13 days of gestation (see Table 1 ), a more rapid increase (41%) over the next 3 days to Day 16 and a continued, though slower, increase (16%) over the final 6 days to near term.
The number of implantations per uterine horn was similar in all five groups and only 12, or 5%, of a total of 237 implantations examined on Days 13-22 were associated with a dead or resorbed fetus. Mean fetal weight increased 174-fold over Days 13-22 whereas mean placental weight increased only 7-fold. Given the similarity in number of implantations per horn, the absolute distance between implantations paralleled longitudinal growth of the horn.
There was a positive correlation between number of implantations per horn and length of horn but this was only significant on Days 16 and 22 after the rapid growth from Day 13. No. of rats 6 5 6 7 6
Ovarian extremity Dist. to nearest implantation (mm) 13-6 ± 0-9*** 15-8 ± 1-7*** 10-9 + 0-8 13-8 ± 1-2 17-9 ± 1-4 % of av. absolute dist. 1620 ± 14-5 148-3 + 8-4
101-5 ± 4-9
90-8 ± 7-9 101-4 + 5-9
Fetal wt (mg) 23-7 ± 0-8** 213-3 + 11-6 4414-9 + 144-9 % of av. fetal wt 88-9 + 2-8 94-5 ± 5-3 95-9 ± 2-7
Placental wt (mg) 54-8 ± 2-6 189-5 + 10-9 396-8 + 12-8 % of av. placental wt 95-1 + 3-9 97-3 ± 50 96-7 ± 2-9 Cervical extremity Dist. to nearest implantation (mm) 8-4 + 0-9 11-8 + 1-9 9-3 + 11 12-5 ± 1-9 15-5 ± 1-6 %ofav. absolute dist.
87-9 + 8-7 100-2 + 7-7 84-3 + 7-2 78-3 + 11-1 85-6 + 8-0
Fetal wt (mg) Values given are means + s.e.m. *P <005; **P <001; ***P <0001; value referred to is significantly different to the average within the uterine horn (paired t test), ff <005; significance of the correlation coefficient.
Effect ofposition in the uterine horn on distance between implantations and fetal and placental weights At Days 7 and 10, the distance from the ovarian extremity of the uterine horn and the nearest implantation was significantly greater than the average distance in the horn (Table 2) . By Day 13, however, this phenomenon had disappeared. Mean fetal and placental weights of the implantation nearest the ovary were always lower than the average for the horn, although there was considerable variability and the only statistically significant effect was for fetal weight at Day 13.
The distance from the cervical extremity to the nearest implantation was generally lower than the average distance but this trend was not significant. There was no apparent effect of cervical position on fetal and placental weight except for a reduction in fetal weight on Day 13.
Effect offetal résorption on distance between implantations and fetal and placental weights
The number of horns with resorbed fetuses were 2, 7 and 3 at Days 13, 16 and 22, respectively. This precluded statistical analysis, but fetal and placental weights of neighbours of resorbed fetuses were never more than 10% different from the average weights in the uterine horn. Similarly, dis¬ tances from resorbed fetuses did not seem different from those between live fetuses; they were 3% and 27% lower at Days 13 and 16 respectively but at Day 22 they were 33% higher.
Relationship of distance between implantations and fetal and placental weights
There was no apparent relationship between fetal or placental weight and average distance from neighbouring implantations at Days 13, 16 or 22 of gestation. When distance was expressed as the harmonic mean distance, thus weighting for the distance to the nearest neighbour, there was a weak, though significant, positive correlation between fetal weight and distance at Day 22.
Discussion
Despite considerable conjecture on the nature and mechanism of uniform spacing of conceptuses within the uterine horn of polytocous species, there is little quantitative information available on the extent of such uniformity. A major advance was made by Boving (1956) when he described the observed evenness of spacing in the uterine horn of rabbits in terms of the coefficient of variation of distances between adjacent conceptuses (CVd%), and compared that against the expected CVd% for conceptuses located randomly within the uterine horn. In this way he found that, at 5 days after mating, the CVd% of conceptuses that were still migrating along the uterine horn was 89% but reduced to 21% near the time of implantation at 7 days. This result at 7 days was substantially more even than would be expected from random spacing which had a calculated CVd% of about 100%. Unfortunately, later stages were not examined and so whether spacing becomes more even with time in the rabbit is not known. The only other data available come from an earlier study by Ibsen (1928) who examined fetal and placental weights and distances in guinea-pigs near term. Sufficient raw data are available in Ibsen's (1928) paper for his results to be re-analysed by the method used in the present paper. From our calculation, the guinea-pigs of his study had a CVd% near term of 38%.
The present estimates of CVd% cover most of gestation in the rat and show that, throughout, the observed evenness of spacing is substantially greater than could be expected from a complete random distribution of implantations within the uterine horn as shown by the example given in Fig. 2 . At Day 7, early in gestation in the rat, CVd%, was similar to that reported by Boving (1956) at an equivalent stage in the rabbit (28 and 21% respectively). Furthermore, near the end of gestation in the rat, Day 22, the CVd% was similar to that calculated for the guinea-pig (35 and 38%, respectively). Boving (1956) remarked that the number of conceptuses in the uterine horn Fig. 2 . Diagram of the observed spacing of implantations in the right uterine horn of each rat at Day 7 of gestation drawn to scale (the length of the uterine horn of rat 1 is 82 mm and the ovarian extremity is to the left). A computer-simulated version of random implantation is given beneath each of the observed sets of values.
would be one of the factors influencing CVd%. His rabbits and our rats had a comparable number of conceptuses (5-4 and 6-2 respectively) which might partly explain the similarity in CVd%. On the other hand, our rats near term had substantially more live fetuses per horn than the number reported for guinea-pigs by Ibsen (1928) (5-91 and 3-47 respectively) and yet the CVd% values were similar. It is likely that different factors bring about evenness of spacing in different species but it is noteworthy that the final result is similar at least in the species which have been quantitatively examined.
Whatever the mechanism, it is clear that, at least in the rat, fine adjustments to spacing do not increase the degree of evenness after Day 7 since if anything the CVd% increased with advancing gestation. This is not inconsistent with Boving's (1956) finding that spacing becomes more uniform over the first few days of gestation in the rabbit since his observations were restricted to pre-or peri-implantation stages. Boving (1956) made the observation that, early in gestation, spacing was much closer at the ovarian end of the horn but progressively became more uniform as the con¬ ceptuses moved or were moved towards the cervical end. In the rat, however, it seems that initially spacing is greatest at the ovarian end of the horn and that this effect remains until about Day 13. It would seem that the mechanism of spacing and implantation in the rat does not follow the pro¬ gressive movement model suggested by Boving (1956) to explain his data on rabbits. This is further indicated by our earlier finding that the first implantation site to be established and show a positive Evans blue reaction occurs randomly along the uterine horn in the rat (Herbert & Bruce, 1980) . Since neither position in the uterine horn nor, within the limitations of our data, proximity to a resorbed fetus affected distances between implantations at or after Day 13, we treated all distances between implantations and between implantations and uterine extremities similarly in the analysis of local crowding on fetal and placental weights. In the only previous study on the quantitative effect of local crowding, Ibsen (1928) claimed that distance between implantations was positively correlated with both fetal (r = 0-62) and placental (r = 0-61) weights over Days 65-67 of gestation in the guinea-pig. It is likely, however, that his correlations were calculated by simply pooling all data irrespective of whether they were derived from different uterine horns or animals. This would have included the effects of systemic factors, such as total number of fetuses in the uteine horn and litter, and, of pertinence to the present work, the local effect of differential crowding in the uterine horn. When Ibsen's (1928) data on distances and placental weights were recalculated by the analy¬ sis of covariance method used in this paper which specifically examines the local effect, the corre¬ lation of distance and placental weight was lower, r = 0-34, d.f. = 47, <0-05, which gives a degree of association of only 12% (r2). Re-analysis of Ibsen's data using the harmonic mean dis¬ tance and placental weight made little difference to the goodness of fit (r = 0-36). Unfortunately, data were not provided on individual fetal weights and so the local effect of crowding on this parameter could not be determined. The present results show that local crowding has little or no effect on fetal or placental weights throughout gestation in the rat, with the possible exception of a positive correlation between fetal weight near term, Day 22, and the harmonic mean distance between implantations. Given the number of possible correlations examined and the low level of significance (P <005) and degree of association (9%) of even this finding, we would be cautious in claiming much from this result.
In conclusion, the present results indicate that, whatever the mechanisms underlying evenness of spacing of conceptuses, they are sufficiently effective to ensure that local crowding has little if any significant effect on fetal or placental growth in the rat. This holds true even over Days 16-22 of gestation when the massive increase in fetal weight, from 0-22 to 4-56 g, would be expected to amplify any minor disadvantages presented by local crowding.
